A new type of compact high-resolution gamma-ray spectrometer for short pulse intense gamma-rays has been developed by combining the principles of scintillators and attenuation spectrometers. The first prototype of this scintillator attenuation spectrometer (SAS) was tested successfully on Trident laser experiments in 2015 and later versions have since been used extensively in TPW laser experiments in Austin over the past two years. Here we give a brief description of the design principles and preliminary results of the SAS.
Conventional gamma-ray spectrometers use the "single photon counting" method (Gilmore 2008 ) by employing scintillators (NaI, CsI, BGO etc) coupled to photo-multiplier tubes (PMT), or cryogenic solid-state detectors (Ge). Each gamma-ray deposits all of its energy in the scintillator or solid-state detector, converting its energy into optical photons or photoelectrons and then amplified for electronic current readout. The gamma-ray spectrum is built up one photon at a time by measuring the total energy deposited by each gamma-ray. In this approach consecutive gamma-rays arriving at the detector more frequently than the scintillation plus electronic readout time, typically > nanoseconds, cannot be distinguished. However, in short-pulse intense laser experiments, large number of gamma-rays arrive within picoseconds, much shorter than the scintillation plus readout time. Hence "single photon counting" does not work for laser created gamma-ray spectroscopy.
The filter-stack attenuation spectrometer (FSS), made up of a series of high-Z filters, has been the main tool to measure continuum gamma-ray spectrum in laser experiments (Chen et al 2008 , Jeon et al 2015 . However, it allows only a small number of energy channels (typically < 20) and works only up to a few MeV. For gamma-ray energies above ~ 5 MeV, the mass attenuation coefficient stops decreasing monotonically with increasing energy. Hence the attenuation length is no longer useful as a direct energy indicator. Other ideas that have been tried include nuclear activation thresholds (Leemans et al. 2001 ) and Forward Compton scattering (FCS, Morgan et al. 1991) . None of these techniques can provide high-resolution high-sensitivity spectroscopy for short-pulse ultra-intense gammarays.
Over the past several years, our research group at Rice, in collaboration with medical imaging colleagues at the MD Anderson Cancer Center in Houston, has been working on a new spectrometer design, which we will call scintillation attenuation spectrometer (SAS). The idea is to image the scintillation light pattern emitted by gamma-rays incident from the side, using finely (mm-scale) pixelated 2 dimensional scintillator blocks. As the gammaray penetrates the scintillator block, the energy deposition pattern in the pixelated scintillator matrix varies with incident gamma-ray energy. The resultant 2-D images of scintillator light emerging from the crystals can in principle be inverted to reconstruct the incident gamma-ray energy. For this technique to work, we need to (a) make the energy deposited in each pixel to be well represented by the total light emerging from the end surface of that pixel, b) use scintillation material with the highest light output per unit of energy deposited, (c) use high-Z high-density scintillator material that can stop gammarays up to 50 MeV or higher in a compact volume, (d) use the smallest pixel size to maximize the spatial resolution. Guided by these four principles and after many trials and errors, we created a prototype of the SAS which was first successfully tested in the summer of 2015 using the Trident laser at LANL. An expanded version of this prototype consisting of a 36 x 48 block of 1.5mm x1.5mm x 10mm high-density, high-Z, matrix of scintillator crystals is shown in Fig.1 . We use a sensitive non-cryogenic CCD camera to image the scintillation light. The whole apparatus is housed in a light-tight box approximately the size of a shoe box, with thick lead shielding and a 6 mm pinhole for collimation (Fig.2) . After the successful 2015 test run at Trident, we constructed several larger scintillator matrix blocks and used them in our TPW runs of 2016 and 2018. Fig.3 shows sample TPW data taken in 2016 using 6mm pinholes, while Fig.4 shows corresponding GEANT4 Fig.3 (above left) SAS CCD raw image of scintillation light from a typical 2016 TPW shot. Gamma-rays enter from a 6mm diameter pinhole on the left. This image shows over 400 bright pixels, which translate into over 200 useful gamma-ray energy channels. Fig.4 (above right) GEANT4-simulated image of a 10 MeV bremsstrahlung input spectrum, showing strong resemblance to the SAS data in Fig.3 . Subsequent deconvolution using the full 200x200 DRM gives the best-fit bremsstrahlung temperature of ~11+/-1 MeV for this shot. (cf. Fig.8) simulated light pattern. Fig.5 shows GEANT4-simulated light patterns of various monoenergetic gamma-rays to highlight the gradual shift of the light pattern with increasing gamma-ray energy. Fig.6 shows sample 2018 TPW SAS data at different detector angles using 3mm pinholes. It shows clearly that the gamma-rays emitted at target normal direction (~17 o from laser forward direction) is much harder than those emitted at 90 o from target normal. 6 Two SAS raw CCD images from a 2018 TPW shot using 3 mm pinholes. Left image comes from an SAS located at ~ 90 degrees from target normal. Right image comes from another SAS located at target normal. These images demonstrate that the gamma-rays emitted at target normal are much harder than those emitted at ~ 90 degrees. The CCD camera used in the left picture is 50% more sensitive than the one used in the right picture. Hence the background is higher even though the signal is weaker.
We have completed 200 GEANT4 simulations by injecting monoenergetic gammarays from 0.25 MeV to 50 MeV at 0.25 MeV intervals. This allows us to build a 200x200 detector response matrix (DRM), which maps 200 gamma-ray energy channels onto the scintillation light output of 200 SAS pixels (Fig.7) . We used this DRM to successfully deconvolve our 2016 TPW data, employing a variety of advanced deconvolution algorithms (Fig.8) . We are also developing a new algorithm to deconvolve narrow gammaray lines superimposed on a continuum background (Fig.9) . Fig.3 . The slope of this spectrum above the peak is consistent with a bremsstrahlung temperature of ~11.5 MeV. (right) Comparison of deconvolved gamma-ray spectra (not normalized) using 3 different techniques from the SAS image of Fig.3 . Even though these spectra peak at slightly different energies, they give almost identical slopes above the peak. Hence we believe the predicted bremsstrahlung temperature of 11 +/-1 MeV for this shot is robust. Fig.9 GEANT4 simulation of the SAS response to calculated NIF DT fusion gamma-rays (Herrmann et al 2016) . Top panel: SAS light pattern generated by the NIF source. Lower panels: gamma-ray spectrum deconvolved from the top panel using a Gaussian lines + exponential continuum model (red curves) compared to original input spectrum (blue curves). Lower left panel is linear scale and right panel is log scale. Both the 12 C line and the bremsstrahlung continuum are well reproduced by our deconvolution scheme.
All of these works are still in progress. But our preliminary results demonstrate clearly that the SAS is fully capable of producing high-resolution, high-fidelity, gammaray spectra from ultra-intense gamma-ray sources, independent of the pulse duration.
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